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Abstract Individuals with a spinal cord injury (SCI) have

an increased cardiovascular risk. We hypothesize that

(anti)oxidative imbalance is associated with the increased

cardiovascular risk in SCI, while exercise can reverse this

status. The aim of the study is to compare baseline levels of

oxidative stress and antioxidative capacity between indi-

viduals with SCI and able-bodied (AB) subjects, and to

assess acute and long-term effects of functional electrical

stimulation (FES) exercise on oxidative stress and anti-

oxidative capacity in SCI. Venous blood was taken from

subjects with an SCI (n = 9) and age- and gender-matched

AB subjects (n = 9) to examine oxidative stress through

malondialdehyde (MDA) levels, while superoxide dismu-

tase (SOD) and glutathione peroxidase (GPx) enzyme

levels represented anti-oxidative capacity. Subsequently,

subjects with an SCI performed an 8-week FES exercise

training period. Blood was taken before and after the first

exercise bout and after the last FES session to examine the

acute and chronic effect of FES exercise, respectively.

Baseline levels of MDA, SOD and GPx were not different

between individuals with SCI and AB subjects. SCI dem-

onstrated a correlation between initial fitness level and

MDA (R = -0.83, P = 0.05). MDA, SOD and GPx levels

were neither altered by a single FES exercise bout nor by

8 weeks FES training. In conclusion, although individuals

with an SCI demonstrate a preserved (anti)oxidative status,

the correlation between fitness level and (anti)oxidative

balance suggests that higher fitness levels are related to

improved (anti)oxidative status in SCI. Nonetheless, the

FES exercise stimulus was insufficient to acutely or

chronically change (anti)oxidative status in individuals

with an SCI.

Keywords Oxidative stress � Antioxidative capacity �
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Introduction

The prevalence of morbidity and mortality for cardiovas-

cular diseases (CVDs) in individuals with a chronic spinal

cord injury (SCI) is high relative to ambulatory subjects

(Myers et al. 2007). Physical inactivity, which is an inde-

pendent risk factor of CVD and a central characteristic in

individuals having an SCI below the lesion, is likely to

accelerate the atherosclerotic process and the consequent

increase in cardiovascular risk (Laufs et al. 2005).
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Interestingly, the increased cardiovascular risk in SCI is

unlikely explained by traditional cardiovascular risk factors

(i.e. hyperlipidemia and hyperglycemia) (Liang et al.

2007).

A more novel factor is oxidative stress and/or decreased

antioxidative capacity in the vascular wall (Yorek 2003).

Possibly, an imbalance in (anti)oxidative status may con-

tribute to the increased prevalence of cardiovascular dis-

eases in SCI. The idea of an increased oxidative stress in

SCI is further based on the recently described relation

between fitness level and oxidative stress in able-bodied

subjects (Bloomer and Fisher-Wellman 2008). However,

previous studies that examined oxidative stress in indi-

viduals with an SCI presented conflicting results, included

no other cardiovascular risk factors or lacked the inclusion

of able-bodied controls (Kocak et al. 2005; Wozniak et al.

2003). Therefore, the first aim of the present study was to

compare baseline levels of oxidative stress and antioxida-

tive capacity from individuals with a chronic SCI with

levels in able-bodied subjects. We hypothesized that indi-

viduals with an SCI have an increased oxidative stress and

a decreased antioxidative capacity compared to able-bod-

ied individuals.

Physical exercise in able-bodied subjects immediately

increases levels of oxidative stress (Ji 1999; Powers and

Jackson 2008), and subsequently leads to elevated antiox-

idative enzyme activity (Alessio 1993; Laughlin et al.

1990; Powers and Jackson 2008). Muscle activation by

functional electrical stimulation (FES) in individuals with

an SCI is demonstrated to immediately increase oxygen

consumption and heart rate (Holme et al. 2001), and also

represents an efficient manner to alter vascular parameters

in the paralyzed limbs in SCI, such as arterial diameter and

compliance, blood flow, endothelial function and vascular

resistance (de Groot et al. 2005; Hopman et al. 2002;

Thijssen et al. 2006). Accordingly, we expected FES

exercise to immediately alter oxidative stress, while

continuing FES cycling training will improve (anti)oxida-

tive status in SCI. Therefore, the second aim of this study

was to assess the acute and long-term effects of electrically

induced exercise on oxidative stress and antioxidative

capacity in individuals with a chronic SCI.

Methods

Subjects

Nine men with an SCI (41 ± 9 years) and nine age- and

gender-matched, able-bodied (AB) subjects (42 ± 10 years)

participated in this study (Table 1). Seven subjects with SCI

had a complete lesion, varying between C5 and T11 [ASIA

Impairment Scale (AIS) grade A], while two subjects had an

incomplete lesion at C5 (AIS grades B and D). All lesions

were traumatic and existed for at least 4 years. None of the

participants had any cardiovascular disease, diabetes (fasting

glucose[6.0 mmol/l) nor cardiovascular risk factors such as

hypercholesterolemia ([6.5 mmol/l) and hypertension.

Before entering the study, subjects with SCI were physically

screened for cardiac and pulmonary abnormalities and car-

diovascular disease. None of the subjects received medica-

tion or vitamin supplementation known to interfere with the

(anti)oxidative or cardiovascular system. The study was

approved by the ethics committee of the Radboud University

Nijmegen Medical Centre, and conforms with the principles

outlined in the Declaration of Helsinki. All subjects provided

written informed consent prior to testing.

Procedures

First, baseline blood was taken for a cross-sectional com-

parison on oxidative stress and antioxidative capacity

between individuals with SCI and AB subjects. Second, an

intervention study was performed on the participants with

SCI, which consisted of an 8-week FES exercise training

period. Before and after the first FES cycling bout and after

the 8-week intervention, blood samples were taken in

subjects with SCI to assess the acute and chronic effect of

FES cycling on oxidative stress and antioxidative capacity.

Measurements

Oxidative stress was indirectly estimated by the most-

studied end-product of lipid peroxidation of polyunsatu-

rated fatty acids, malondialdehyde (MDA), from venous

blood. Antioxidative capacity is represented by the activity

of superoxide dismutase (SOD) and glutathione peroxidase

(GPx), two main antioxidative enzymes in the human body.

All blood samples were taken at least 48 h post-exercise

Table 1 Subject characteristics

SCI (n = 9) AB (n = 9)

Age (years) 41 ± 9 42 ± 10

Body mass (kg) 74 ± 13 79 ± 18

Body height (cm) 181 ± 5 180 ± 8

Body mass index (kg/m2) 22.8 ± 3.2 24.1 ± 3.7

Resting heart rate (bpm) 60 ± 7 60 ± 9

Systolic blood pressure (mmHg) 117 ± 15 128 ± 15

Diastolic blood pressure (mmHg) 75 ± 9 74 ± 9

Sport activities (h/week) 1.5 [0–6] 2.0 [0–5]

Data are presented as mean ± SD, sport activities are presented as

median [range]

SCI spinal cord injury, AB able bodied
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(except the post-exercise blood sample to assess the acute

effects of FES cycling, which was taken immediately after

cessation of the session), after at least 4 h fast and 12 h

abstinence from caffeine and alcohol.

Physical fitness was assessed before and after the

8-week FES training period by an incremental maximal

exercise test on an arm ergometer (Lode, Angio300,

Groningen, The Netherlands) using a multistage protocol

(workload increased by 10 W/min, starting at 10 W, until

exhaustion).

Exercise intervention

For the FES exercise training, a computer-controlled leg

cycle ergometer (Ergys 2, Therapeutic Alliances Inc.,

USA) was used. Six self-adhesive 50 9 90-mm surface

electrodes (Stimex, Pierenkemper GmbH, Germany) were

placed on both legs over the quadriceps, hamstrings, and

gluteal muscles. Electrical stimulation (duration mono-

phasic square wave pulses, 450 ls, frequency 30 Hz) was

applied in coordinated sequence permitting cyclic patterns

of muscle contractions resulting in leg cycling. The device

was programmed to gradually increase the stimulation

current amplitude, to a maximum of 140 mA, to achieve a

target pedaling rate of *50 rpm. The pedal resistance of

the ergometer could be altered with 1/8 kp increments

(corresponding with *6.1 W at 50 rpm). Resistance was

automatically reduced when pedaling rate dropped below

45 rpm, and the stimulation stopped when pedaling rate

dropped below 35 rpm.

The FES exercise training started at a frequency of two

times per week during the first 4 weeks, which was

increased to three times per week during the last 4 weeks,

leading to a total of 20 cycling training sessions per person.

Muscles were stimulated for 30 min maximally. When

subjects with SCI completed a session in \30 min, repe-

ated bouts were performed until 30 min were achieved or a

total of five bouts were completed.

Data analysis

After withdrawal, blood samples for determination of

MDA, SOD and GPx levels were treated accordingly.

MDA The level of MDA was determined after reaction

with thiobarbituric acid (TBA) with an added alkaline

hydrolysis step as described elsewhere (van de Kerkhof

et al. 2004). In brief, blood was centrifuged at 3,700 rpm

for 15 min at 4�C and plasma was stored at -80�C until

further use. To 50 ll of plasma 25 ll of 0.2% butylated

hydroxytoluene and 0.4 ml 1 M sodium hydroxide was

added. The mixture was incubated at 60�C for 60 min in a

shaking water bath. After cooling to room temperature,

1.5 ml of 10% trichloroacetic acid containing 1% potas-

sium iodide was added, and the mixture was placed on ice

for 10 min and centrifuged at 1,500g for 10 min at 4�C. To

0.5 ml of the supernatant, 0.25 ml 0.6% TBA was added,

and the mixture was heated at 95�C for 30 min. After

cooling to room temperature and centrifugation (1,500g,

10 min), 50 ll of the supernatant was injected into a

symmetry C-18 column (4.6 9 100 mm, 3.5 lm; Waters

2695 Alliance Separations Module, Waters, USA) eluted at

1 ml/min using 70% (v/v) 25 mmol/l potassium dihydro-

genphosphate (pH 6.8) and 30% (v/v) methanol. Detection

of the MDA-TBA adduct was performed with fluorescence

detection (excitation at 515 nm and emission at 553 nm;

Waters 474 Scanning Fluorescence Detector, Waters,

USA). For quantification, intensities of the MDA-TBA

peak areas were compared with a standard curve con-

structed with tetraethoxypropane (Sigma T9889).

SOD Blood (0.5 ml) was centrifuged at 3,700 rpm for

15 min at 4�C. The separated plasma was aspirated and

blood cells were washed with 3 ml of 0.9% sodium chlo-

ride and centrifuged at 3,000 rpm for 10 min at 4�C. This

step was repeated three times. 2.5 ml cold Milli-Q water

(Milli-Q Academic A10, Millipore, USA) was added after

the washing steps and the sample was kept 15 min at 4�C

before storage at -80�C. Before determination, the sample

was diluted with 0.01 mol/l phosphate buffer pH 7.0

(Ransod, Randox, UK). The samples were detected at

500 nm and 37�C (Cobas Mira Plus, Roche Diagnostics

Ltd., Switzerland). SOD activity was expressed as U/g Hb,

where Hb was determined photometrically from 20 ll

of whole blood (HemoCue Plasma/Low Hb Photometer,

HemoCue AB, Sweden).

GPx Whole blood samples were prepared manually

(Ransel, Randox, UK) by diluting 0.05 ml of the blood

with 1 ml diluting agent and incubated for 5 min. Hemo-

globin reagent (potassium phosphate 10.3 mmol/l, potas-

sium ferricyanide 6.08 mmol/l, potassium cyanide

7.68 mmol/l, surfactant 0.1% v/v) was diluted with redis-

tilled water (1:24), and 1 ml was added to the diluted

blood. GPx activity was measured by UV spectroscopy at

340 nm and 37�C (Cobas Mira Plus, Roche Diagnostics

Ltd., Switzerland). GPx concentration was calculated

from the following formula: U/l of hemolysate = 6,699 9

DA/min, where DA is the absorbance change per minute at

340 nm. If DA exceeded 0.1, the sample was diluted

accordingly and detected again.

Statistical analysis

Statistical analyses were performed using SPSS 16.0 for

Windows (SPSS, Chicago, USA). To assess differences
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between SCI and AB in subject characteristics and blood

parameters, an unpaired Student’s t test was used. This test

was not performed on BMI values, due to the recent finding

that the BMI scale for people with chronic SCI does not

correspond to the same absolute values of AB individuals

(Laughton et al. 2009). In addition, we have examined the

relation between fitness level (maximal workload corrected

for body mass) and oxidative stress in SCI using a Pear-

son’s correlation coefficient. The acute and long-term

effects of FES exercise training on levels of MDA, SOD

and GPx was tested with a paired Student’s t test. Statis-

tical significance was set at P B 0.05. Values are pre-

sented as mean ± standard deviation (SD), unless stated

otherwise.

Results

SCI versus AB

Subject characteristics were not different between indi-

viduals with SCI and AB subjects (Table 1). Baseline

levels of MDA, SOD and GPx were not different between

individuals with SCI and AB subjects (P = 0.55, 0.70 and

0.73, respectively; Fig. 1a–c). Individuals with SCI dem-

onstrated a significant correlation between baseline levels

of maximal workload achieved on the arm ergometer and

MDA (R = -0.83, P = 0.05; Fig. 2).

Effect of FES cycling

All individuals with SCI successfully completed the

training period. Workload (median [25–75%]) during FES

exercise increased significantly from 0.0 [0.0–2.2] kJ to

11.0 [5.5–19.7] kJ after training (Wilcoxon: P = 0.008). In

addition, a strong trend for improvement was shown in

maximal workload achieved during the arm ergometer test

(P = 0.06).

A single, 30-min bout of FES exercise in individuals

with SCI did not alter levels of MDA, SOD and GPx
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(P = 0.14, 0.39 and 0.98, respectively). After 8 weeks of

FES training, MDA, SOD and GPx levels were not dif-

ferent at baseline (P = 0.44, 0.39 and 0.98, respectively;

Fig. 1a–c) or post-exercise (P = 0.92, 0.82 and 0.37,

respectively; Fig. 3a–c) compared to pre-training.

Discussion

The purpose of this study was to gain more insight into the

(anti)oxidative balance under basal conditions and in

response to physical exercise in individuals with a chronic

SCI as compared to ambulatory subjects. We found that

healthy individuals having an SCI without cardiovascular

or metabolic disease demonstrate comparable baseline

levels of oxidative stress and antioxidative capacity as AB

subjects, which suggests that subjects with a chronic SCI

demonstrate a preserved (anti)oxidative balance. However,

the relation between physical fitness level and oxidative

stress in subjects with an SCI indicates that higher fitness

levels in subjects with SCI are associated with a better

oxidative status. Nonetheless, both a single bout of FES

exercise and 8 weeks of FES exercise training had no

effect on levels of oxidative stress and antioxidative

capacity in subjects having a chronic SCI subjects. These

findings suggest that despite the potentially beneficial

vascular effects of FES exercise (de Groot et al. 2005;

Hopman et al. 2002; Thijssen et al. 2006), training as

applied in this study was insufficient to induce changes in

the (anti)oxidative balance in subjects with an SCI.

In contrast to our hypothesis, we found preserved

baseline levels of MDA, SOD and GPx in individuals with

a chronic SCI. A reasonable explanation for this finding

may relate to the activity level of our participants. In our

study, we included sedentary as well as relatively active

subjects with an SCI, who performed up to 6 h of sports a

week (e.g. wheelchair basketball, rugby and hand biking).

Interestingly, a moderate inverse correlation was found

between maximal workload during the maximal hand bike

test and baseline levels of oxidative stress. This indicates

that a higher aerobic fitness level is associated with a

beneficial lower oxidative stress level in subjects with SCI,

a finding that was described previously in able-bodied

subjects (Bloomer and Fisher-Wellman 2008). This corre-

lation may, at least partly, explain the findings of a previ-

ous study which reported a strong correlation between the

severity of a cervical lesion and (anti)oxidant status. They

reported that a severe spinal cord lesion, which is associ-

ated with lower physical activity levels, is related to

intensification of oxidative stress and a decrease in
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antioxidant potential (Wozniak et al. 2003). In line with our

hypothesis, oxidative stress levels increase markedly dur-

ing the first weeks of strict immobilization after the onset

of an SCI (Liu et al. 1999). In parallel, also 2–3 months of

strict bed rest in healthy subjects causes an increase in

oxidative stress, while returning to initial a priori physical

activity normalizes (anti)oxidative status (Margaritis et al.

2009). This may also explain why we found a preserved

oxidative status in individuals with long-standing SCI, as

their activity level in daily living will be increased when

compared with strict bed rest.

Despite the moderate correlation between physical

activity level and oxidative stress in SCI, levels of MDA,

SOD and GPx were unaltered after one bout of FES

exercise and 8 weeks of FES exercise training. These

findings are in contrast with our hypothesis and several

previous studies in rodents (Kanter et al. 1985; Kim et al.

1996; Laughlin et al. 1990), and healthy (Alessio 1993;

Evelo et al. 1992; Franzoni et al. 2005; Robertson et al.

1991) and coronary artery diseased humans (Adams et al.

2005; Edwards et al. 2004; Leaf et al. 1999) demonstrating

an improvement in (anti)oxidative status after short-term

exercise or long-term training. Nonetheless, some studies

have also reported unchanged levels of SOD and GPx after

intermittent sprint cycle training in healthy subjects

(Hellsten et al. 1996), while others found no changes in

SOD in trained rats (Alessio and Goldfarb 1988; Laughlin

et al. 1990) and in young men after running training (Ohno

et al. 1988). It was hypothesized that exercise intensity

level is crucial to induce adaptation processes and may

explain the conflicting results of previous studies (Goto

et al. 2007).

High-intensity exercise (75–100% VO2 max) has been

shown to result in increased oxidative stress (Goto et al.

2007; Wang et al. 2000) and elevated antioxidative enzyme

activities (Powers et al. 1994). Accordingly, high-intensity

exercise seems to be most appropriate to alter oxidative

status. Based on a previous study, common FES exercise as

applied in our study will elevate heart rate to *123 bpm

and increase oxygen uptake up to 63% of the VO2 max

(Holme et al. 2001). Accordingly, FES cycling exercise in

individuals with an SCI does not represent high-intensity

exercise and, therefore, may be insufficient to alter

(anti)oxidative status. Indeed, even the last FES cycling

exercise bout, which was performed at a markedly higher

workload and exercise intensity than the first test, did not

alter the oxidative stress level in subjects with SCI. A

recent study showed that a stronger exercise stimulus can

be induced by several technical modifications to the leg

cycle ergometer (Janssen and Pringle 2008). One might,

therefore, speculate that by extending the duration of the

FES exercise training period or by technical modifications,

FES exercise would be sufficient to induce changes in

(anti)oxidative status. Furthermore, in contrast to FES

exercise alone, voluntary arm cranking (alone or combined

with FES cycling) may be more suitable to achieve higher

exercise intensities. In future studies, measuring MDA

levels after the physical fitness test is of additional value to

determine if oxidative stress is indeed increased by maxi-

mal arm crank exercise.

Another reason that may explain that our findings are

related to the muscles of the individuals with SCI.

Up-regulation of antioxidative enzymes may be limited to

highly oxidative skeletal muscles (Laughlin et al. 1990).

Muscles of individuals with SCI show a shift in muscle

fiber type towards type IIB (fast twitch, fast fatigable and

glycolytic) fibers (Round et al. 1993), which might impair

the ability to increase antioxidative enzymes by training in

individuals with SCI.

Clinical relevance

Based on the inverse relation between aerobic fitness and

level of oxidative stress in SCI individuals, we recommend

individuals with a chronic SCI to increase their physical

activity level to maintain or even improve their upper-body

physical fitness to prevent high levels of oxidative stress.

Although a direct relation between oxidative stress levels

and cardiovascular risk in individuals with an SCI is

unknown, we expect low oxidative stress levels and ele-

vated levels of antioxidative enzymes to reduce cardio-

vascular risk in SCI.

Limitations

Local measurements of (anti)oxidative status in muscle

tissue are preferred over blood analysis, as oxidative stress

is primarily induced by the mitochondria. However, indi-

rect (anti)oxidative status assessment from blood samples

is commonly accepted and widely applied, while it also

has important practical advantages (Edwards et al. 2004;

Evelo et al. 1992; Leaf et al. 1999; Ohno et al. 1988). In

addition, both SOD and GPx measurements are dependent

on specific substrates (selenium and manganese, respec-

tively), which are influenced by dietary intake. Partici-

pants registered detailed food intake 3 days prior to

baseline measurements, and were asked to keep this sim-

ilar before the pre- and post-training measurements. This

procedure minimized the impact of diet for the comparison

between pre- and post-training. We used maximal work-

load to represent physical fitness in individuals with SCI.

This was done because, due to technical problems, we

were not able to use oxygen uptake values measured

during the physical fitness (arm crank) test. Finally, the

relatively small sample size unlikely confounded our

results, given the well-controlled, within-subject design
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and the relatively small variation in the data between- and

within subjects.

In conclusion, our results indicate that healthy, non-

medicated subjects with a chronic SCI lesion have pre-

served baseline levels of oxidative stress and antioxidative

capacity when compared with able-bodied subjects. How-

ever, within the group of subjects with an SCI, a higher

aerobic fitness is associated with higher levels of oxidative

stress demonstrating the importance to maintain or improve

a high physical fitness. Antioxidant capacity is not com-

promised in moderately active individuals with an SCI. In

addition, common FES exercise training does not result

in acute or long-term changes in (anti)oxidative status in

individuals with an SCI, which is most likely explained by

the relatively low-intensity stimulus provided by FES

exercise.
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